Organic field-effect transistors (OFETs) have attracted tremendous attention due to their flexibility, transparency, easy processiblity and low cost of fabrication. High-performance OFETs are required for their potential applications in the organic electronic devices such as flexible display, integrated circuit, and radiofrequency identification tags. One of the major limiting factors in fabricating high-performance OFET is the large interfacial barrier between metal electrodes and OSC which results in low charge injection from the metal electrodes to OSC. In order to overcome the challenge of low charge injection, carbon nanotubes (CNTs) have been suggested as a promising electrode material for organic electronic devices.
THE EFFECT OF CARBON NANOTUBE/ORGANIC SEMICONDUCTOR INTERFACIAL AREA ON THE PERFORMANCE OF ORGANIC TRANSISTORS
Recently, several research groups have reported the device performance of OFETs using CNT electrodes as seen in Figure 1 .3. [10] [11] [12] [13] [14] [15] [16] [17] [18] In these studies, CNT electrodes were fabricated with various techniques using either individual CNT, 10-11 random network CNTs, [15] [16] [17] CNT/polymer composite, 12 or aligned array CNTs. 13, 14, 18 The density of CNT in the electrodes is also various for each studies from 1 to 30 per µm. These studies also suggested that the device performance of OFETs using CNT electrode is enhanced compared to that of OFETs using metal electrodes.
However, one important question is still unanswered: whether the density of CNT in the electrode has any role in the performance of the fabricated OFETs and how much improvement can be possible using CNT electrode? The density of CNT in the electrodes can control the interfacial area between the CNTs and OSCs. A low density CNTs forms small CNT/pentacene interfacial area while high density CNTs creates large interfacial area with OSC. It has been suggested from the molecular dynamics simulation and NMR spectroscopy that a π-π interaction exists between CNT/OSC. [19] [20] [21] In addition, CNT has a field emission properties due their onedimensional structure. 22 These theoretical and experimental studies suggest that charge injection should depend on the CNT/OSC interfacial area and that one can improve the performance of SWCNT density in the electrodes, respectively. The increase is three, six and nine times for low, medium and high density SWCNTs in the electrode compared to the devices that did not contain any SWCNT. In addition, the current on-off ratio and on-current of the devices are increased up to 40 times and 20 times with increasing SWCNT density in the electrodes. Our study shows that although a few nanotubes in the electrode can improve the OFET device performance, significant improvement can be achieved by maximizing SWCNT/OSC interfacial area. The improvement can be explained due to a reduced barrier height of SWCNT/pentacene interface compared to metal/pentacene interface which provides more and more efficient charge injection pathways with increased SWCNT/pentacene interfacial area.
Organization of thesis
In Chapter 2, I will discuss the basic structure and working principle of OFETs. In addition, I will compare the device performance of OFETs using metal electrode and CNT electrode, showing several other groups' study related to transport properties of OFETs using CNT electrode compared to metal electrode.
Chapter 3 will introduce the device fabrication details of making different density CNT electrodes using dielectrophoresis (DEP) assembly. Then, the fabrication of OFETs using different density of CNT electrodes will be more discussed in detail.
Chapter 4 will show electron transport measurement of OFETs using different density of CNT electrodes compared to bare Pd electrode. The output/transfer characteristics of OFETs will be discussed depending on the different density of CNT electrodes compared to bare Pd electrode.
Finally, in Chapter 5, I will conclude the results and suggest future works.
CHAPTER 2 : BACKGROUND

Organic field-effect transistors (OFETs)
The schematic diagram of organic field-effect transistors (OFETs) is described in Figure   4 (a). 
Interfacial barrier at metal electrode/OSC interface
One of the major factors which limit the performance OFET is large interfacial barrier from the interface between metal electrodes and organic semiconductor (OSC). This causes low charge injection from the metal electrodes to OSC and finally reduces the performance of OFETs. [5] [6] The interfacial barriers can be caused by several factors such as the discontinuity in morphology, dipole barriers, and Schottky barriers. The physical structure of CNT is decided depending on the specific angle of rolling a sp 2 bonded sheet into cylindrical shape. This angle is named 'Chiral angle', and the electronic properties of CNTs is provided based on types of nanotube chirality. As seen in Figure 7 , 'armchair' nanotubes show metallic behavior, and 'zigzag' nanotubes show semiconducting behavior.
Due to their transparency, flexibility, low-cost, solution-processed and easy-processing, CNTs have been spotlighted as a material which can be integrated to future flexible display, flexible solar cell and many other flexible/transparent electronic applications. [1] [2] [3] [4] Owing to its unique one-dimensional structure, CNTs have a field-emission properties and high electrical conductivity and chemical stability. Strong π-π interaction between the side walls of CNTs and organic semiconductor and high work function of CNTs (~5.0eV) is the other benefits of using CNTs as an electrode material for OFETs.
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CHAPTER 3 : DEVICE FABRICATION
Fabrication of electrodes
The devices were fabricated on heavily doped silicon (Si) substrates coated with a thermally grown 250 nm thick silicon di-oxide (SiO2) layer. Palladium (Pd) electrodes of 5 μm x 25 μm were fabricated using standard electron beam lithography (EBL) process. The detail fabrication steps illustrate in Figure 8 . Figure 8 . Schematic diagram of electrode pattern fabrication on the Si substrate. First, PMMA is spincoated on the Si substrate. Then, using EBL the pattern of electrode is defined. The desired metal is evaporated. Lift-off is done using action followed by IPA, DI water washing and drying with N 2 gun.
The single layer resist of PMMA (950K, C2, 2%, MicroChem) is spin-coated on the Si substrate at 4000 rpm for 1min, and then placed on hot plate to bake during 15 min at 180 ˚C.
The thickness of PMMA is 100 to 150 nm. Then, the electrode patterns are defined using EBL (Zeiss Ultra 55 SEM) exposed with an area dose of ~ 350 μC/cm 2 and voltage of 28kV. As for the developing process, the devices are immersed into MIBK:IPA (1:3) for 75 sec and IPA for 15 sec followed by N 2 dry. The desired metals, such as Au, Pd, Pt, Al, Ni, Cu, Ti, Ag and other metals, depending upon their purpose, can be deposited by thermal/e-beam evaporation. For our device, Palladium (Pd) is deposited by e-beam evaporation. Finally, the device is place into Acetone for 3-4 hours to remove the rest of PMMA followed by IPA, DI water washing and N 2 dry.
Assembly of CNT using dielectrophoresis
Several methods to align carbon nanotubes (CNTs) have been introduced in recent years.
The direct growth via chemical vapor deposition (CVD) is one of the examples; however, very high temperature (~ 900˚C) is required to transfer the aligned array of CNTs to substrate. Since solution-processed assembly is easy-processing at room temperature, the postgrowth techniques such as Langmuir-Blodgett assembly, bubble blown assembly, evaporationdriven self-assembly, spin coating assisted alignment and contact printing have been introduced.
However, the number of aligned CNT arrays is from 1 to 10 per um. In order to align high dense CNT arrays, dielectrophoresis (DEP) assembly has been developed. 2D, 1D, and 0D nanomaterials can be aligned via DEP at desirable position of the devices. 
Fabrication of making different density CNTs in the electrodes
The 
Fabrication of OFETs using CNT electrodes
The pentacene film with thickness of 30 nm was thermally deposited in vacuum at a pressure of 2×10 -6 mbar. 
CHAPTER 4 : ELECTRON TRANSPORT MEASUREMENT
Experimental Set-up
The electrical transport of CNT array is measured using DL instruments 1211 current preamplifier and Ketihly-2400 source meter interfaced with LabView program. The electronic properties and characterization of OFETs were performed using Hewlett-Packed (HP) 4145B
semiconductor parametric analyzer interfaced with LabView program. This equipment is connected to a probe station inside an enclosed glove box system with N 2 gas flow as shown in Figure 14 . For our measurements of OFETs, a total number of 40 devices were investigated with each different density. Figure 14 . Experimental set-ups for electrical measurements of OFET devices. (a) The devices are measured using Hewlett Packed (HP) 4145B semiconductor parametric analyzer. This is connected to a probe station inside glove box system, which is filled with N2 gas flow as seen in (b).
Output/Transfer characteristics of OFETs
In order to investigate the effect of SWCNT density in the electrodes, electrical measurement is performed. Figures 15. (a) Table 1 ). Table 1 . Summary of all measured devices. The saturation mobility (μ sat ), linear mobility (μ lin ), current on-off ratio (I on /I off ) and on-current (I on ) for the devices with zero, low, medium, high density.
This demonstrates that the mobility of the devices also increases with increasing SWCNT/pentacene interfacial area. The maximum μ sat is 100%, 280%, and 480% larger for low, medium and high density SWCNTs in the electrode compared to the devices that did not contain any SWCNT. Similar increment in the μ lin with increasing the SWCNT density is also observed.
In calculating the μ, we used L= 4.4 µm and L= 5 µm for devices with SWCNTs and no SWCNTs respectively. However, the SEM images of Figure 12 . (a) for low and medium density SWCNTs in the electrode show that there may be an ambiguity in determining L for these densities as the charge injection comes from both Pd and SWCNT interface. In order to minimize this uncertainty, we kept lengths of anchored nanotubes to the Pd short (~ 300 nm). Nevertheless, if we were chosen L= 5 μm for these two densities then the μ sat would be 0.11 and 0. 
Device statistics
The device characteristics measured from 40 devices are summarized in Figure 4 .4 where we plot the μ, I on /I off and I on as a function of SWCNT density in the electrodes. 
CHAPTER 5 : CONCLUSION
Summary
In this thesis, we show that the performance of pentacene transistors can be significantly improved by maximizing the interfacial area at single walled carbon nanotube (SWCNT)/pentacene. From the electronic transport measurements, we found that the average mobility is increased three, six and nine times for low, medium and high SWCNT densities, respectively, compared to the devices with zero SWCNT. In addition, the current on-off ratio and on-current are also increased up to 40 times and 20 times with increasing the SWCNT density.
Our study have demonstrated that (i) even a few nanotubes in the electrode can improve the OFET device performance, and (ii) significant improvement can be achieved by maximizing SWCNT/OSC interfacial area. Theses improved OFET performance can be explained by reduced barrier height from SWCNT/pentacene interface compared to metal/pentacene interface. The interface of high density SWCNT/pentacene provides more efficient charge injection pathways with increased SWCNT/pentacene interfacial area. We conclude that the performance of the pentacene transistors using aligned arrays SWCNT electrodes with various interfacial areas at the SWCNT/pentacene contact. From the electronic transport measurement, we showed that the OFET device performance such as mobility, current on-off ratio and on-current can be significantly improved with increasing interfacial area at the SWCNT/pentacene and best performance can be achieved by maximizing SWCNT/OSC interfacial area. We attributed the improved device performance due to a lower barrier height at the SWCNT/pentacene interface compared to metal/pentacene interface.
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Future work suggestions
Our study showed that the density of SWCNT in the electrodes effects on the performance of devices. The conclusion of our study suggests the way to improve the organic field-effect transistor for future organic electronics. Also, this work will give us a better understanding of the effect of SWCNT in the electrode in terms of the device performance. More research can be done by low temperature transport measurement study to investigate the direct evidence of barrier height changes depending on the densities of SWCNT in the electrodes. This research will provide us a numerical value for the actual barrier height at different density of SWCNT and organic semiconducting thin film, which will be varied depending on the density of SWCNT in the electrodes.
Another potential future plan could be fabricating OFETs using graphene electrode. Due to its unique 2-dimensional hexagonal carbon atom structure, graphene has outstanding electrical, mechanical, and chemical properties. This study can give us an idea of improving the performance organic field-effect transistor.
